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Summary 
 
The context directing this project since it was started in 1998, was applied research aiming 
at industrial applications in the field of microbial diagnostic biotechnology.  The first part 
was the continuation of work started at Colifast ASA, developing and validating an 
automated solution for monitoring the faecal coliform bacterial indicator group based on 
measuring the -galactosidase activity using selective media and conditions to increase 
specificity. Validation and discussion of this method is presented in paper I, published in 
2000.  
The project then continued dealing with bacterial indicators but using Nucleic Acid 
Amplification Tests (NAATs) and in particular PCR-based methods for achieving detection. 
Definitions and regulations were rapidly evolving, partly due to a better understanding of 
the ecology of the bacteria and partly due to an evolution in the microbiological techniques 
used for identification. As a consequence, true faecal indicators among coliforms were 
restricted to the thermotolerant sub-group even narrowing down to E. Coli, as being the only 
reliable indicator for faecal contamination. On the other hand, the coliform group at large 
expanded by including more species based on using the presence of the -galactosidase gene 
rather than detecting a distant phenotype expression involving the presence of the enzyme. 
Hence, in 2001 the World Health Organization redefined the total coliform group as a 
“general microbial indicator”. Following this trend, we focussed on identifying reliable and 
suitable genetic targets to develop PCR based methods for the identification of the 
Enterobacteriaceae family, to be used as a general microbial indicator. We further extended 
the search to include relevant pathogenic genetic markers for detecting some of the most 
relevant aetiological agents of water-borne and food-borne human diseases. Both stx coding 
for the shiga toxin and eae coding for intimin rapidly emerged as being the most relevant 
markers for monitoring Enteropathogenic Escherichia coli (EPEC) and Enterohaemorrhagic 
Escherichia coli EHEC as well as other Enterobacteriaceae emerging as new pathogens 
causing human diarrhoea. In parallel, we evaluated the potential of including another 
relevant indicator group, the Faecal Streptococci (FS), among which the two most important 
members are Enterococcus Faecalis and Enterococcus faecium. These two bacteria have in 
common with E. coli that they are considered reliable indicators of faecal contamination and 
have been in the past decades identified more often as the aetiological agent of human 
diseases. We therefore looked for genetic markers specific for these 2 species. This work 
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was assembled in a patent application filed in 2002 and granted by the European Patent 
Office in November 2006 (Paper II). The triplex method part for detection of 
Enterobacteriaceae, stx and eae has been submitted for publication in September 2008 
(Paper III).       
An important aspect for the successful implementation of NAAT technology is the 
NA sample preparation. This becomes an essential element when analysing difficult 
samples, such as food or clinical samples, containing NAAT inhibitors. Genpoint AS 
developed a unique magnetic bead based technology for the preparation of NA from such 
difficult samples. It is unique in that it first non-specifically isolates cells from the matrix 
followed by NA isolation using the same beads. This technology was first applied to the 
isolation of Cyanobacteria from environmental samples and further to other bacteria such as 
Listeria in food matrices. In this work we present the validation of an application of this 
technology developed for the preparation of NA from human urine samples for detection of 
Chlamydia trachomatis (Paper IV, 2007).  
A modification of the method allowed the development by serendipity of a shorter and 
more convenient format, applicable to selected microorganisms such as Chlamydia 
trachomatis. A patent application was filled by Genpoint AS for this new method in 2005, 
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1 Introduction 
 
  Water is an indispensable element for all life. For an adult human, it accounts for about 
60% of the total body mass and constantly needs to be replenished. Hence, we daily drink 
water or other aqueous liquids and therefore, the quality of water is of uttermost importance. 
We further ingest water used to rinse fresh food we eat or during bathing activities. In each 
case, the possible presence of harmful agents puts at risk several simple basic life activities 
which are often taken for granted in the western societies.  Harmful agents found in water 
can be categorised as being either chemical or microbial in nature. The latter is reported as 
causing the most human health disorders and morbidity. The famous findings by John Snow 
in 1854, that the removal of the handle of a public fountain in London was associated with a 
reduction of the cholera cases in the neighbourhood was not at the time understood in a 
microbiological context but was rather the result of  statistical observations. He associated 
cholera deaths to the use of a water fountain and convinced local authorities to disable the 
pump, therefore stopping water consumption from this spot. The end of the local outbreak 
was credited to this action although cholera cases were already on the decline when the 
action was taken. Snow further established a strong statistical correlation between sewage 
contaminated water consumption and cholera deaths, contributing to the founding of the 
science of epidemiology. It took another 10 years before the “germ theory” was established 
by Louis Pasteur and by 1882 Koch had assembled his 4 postulates. The science of 
microbiology then expanded rapidly associating microbes to the symptoms they produced in 
their human hosts when the aetiology of the diseases is of microbiological origin. The 
understanding of the causality of microbes in various human diseases enabled prevention to 
progress dramatically. The concern for microbial safety especially with regards to products 
for human consumption, first of all water, lead to the development of microbial “indicator” 
concept by the end of the 19th century to monitor faecal contamination. 
 
Ever since microbes were recognised and associated with disease, new methods were 
developed to increase information and speed of analysis. Indeed, microbiological preventive 
monitoring of water will benefit from increased information and speed of analysis. This will 
help interpretation, speed up corrective action and therefore reduce exposure duration to 
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possible microbial hazard and otherwise reduce costs associated to stocks awaiting 
clearance.  
When clinical symptoms of microbial infection sets in, it is essential for the physician to 
collect as much information as possible on the aetiological agent(s) in order to correctly 
manage the course of treatment and containment to avoid further spread of the disease. 
 
Microbiology has been traditionally based on the observation and analysis of 
phenotypic expression such as shape and colour but also metabolic end products, 
characteristic of the studied microbes. For example, specific media were devised for 
recognizing production of gas or a decrease of the pH under appropriate and selective 
conditions. This was later extended to using specific reporter substrates targeting enzymes 
involved earlier in the metabolic processes of interest. These phenotypic methods have the 
disadvantage that they depend on the expression of the chosen characters which may vary 
due to environmental factors or strain variations. Although the use of reporter substrates 
helped reduce the amount of false negative associated to phenotypic variation, the advent of 
genotypic microbiology has enabled previously unparalleled discrimination power for 
microbiological analysis. Indeed, as the nucleic acids (NA) involved in the expression of a 
character will remain present although environmental factors have suppressed expression, 
they will be a more reliable material for microbiological analysis. Moreover, the amount of 
potential targets for microbiological analysis increases dramatically as the choice is no 
longer reduced to expressed characters requiring appropriate test for detection but rather 
comprises the whole genome. This includes NA not necessarily involved in any known 
coding activity but which may have some degree of useful specificity.    
The NA diagnostic revolution also brought new challenges to the microbiologist, namely ad 
hoc sample preparation.  
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2 Microbiological indicator 
groups for the assessment of 
microbial water quality 
 
2.1 Basis for the faecal bacterial indicator 
groups 
 
The hygienic quality of water is of utmost importance to society, and efficient 
bacteriological control of water is essential for implementing a good management of this 
vital resource. Accuracy and speed of diagnosis are essential both for human health 
protection and for operational cost reduction for the water industry. Cases from the last 
decades such as the Amazon basin epidemics in 1991 and 1994 (Blake, 1993; Guthmann, 
1995; WHO, 1995) and the 1994-95 Ukrainian epidemic (Clark et al., 1998a)  where Vibrio 
cholerae was found to be the culprit, shows the actuality of the problem. Even the food 
industry is more at risk today than earlier due to the development of continuous chain 
production and world-wide distribution, which enhance pandemic risks (Bell et al., 1994; 
Cieslak et al., 1997; Eberhart-Phillips et al., 1996; Liddell, 1997; Van Beneden et al., 1999; 
Watanabe et al., 1999). 
Ideally, direct detection of all possible waterborne infectious agents would be a logical 
strategy to assure microbial quality. In practice it is not feasible as it is too complex, 
expensive and time consuming.  In the early days of microbiology, pragmatism and 
observation led to building the concept of bacterial indicator. Typically, these organisms 
would be easier to detect, theoretically be associated to pathogenic bacteria hence indicate 
its possible presence and not capable of reproducing and sustain itself in the tested material. 
Although presence of the “indicator” organisms would not necessarily indicate the presence 
of pathogens, the absence of indicator should on the other hand, assure in theory the 
acceptable quality of the tested water. Since the most common causative agents of 
waterborne outbreaks were to be found among enteric bacteria (i.e. Salmonella and 
Shigella) which spread through the faecal-oral route, the “faecal coliform” indicator group 
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(FC) emerged to indicate faecal contamination and therefore possible presence of 
pathogenic organisms. The main representative of the FC group, Esherichia coli, was 
discovered in 1885 by Theodore Escherich who named the bacteria Bacillus coli. Although 
the aetiology of most waterborne diseases were not identified at the time, the association of 
faeces contamination in water to potential health hazard was first recognised by the 
Franklands in 1891. They introduced the concept of bacterial indicator by recommending 
the search of sewage associated microorganism to characterize dangerous pollution. The 
following year, Schardinger suggested to research “Bacillus coli” in water for monitoring 
microbial quality (Feng et al., 1998; Tallon et al., 2005). This was performed by direct 
plating on litmus lactose agar using the production of acid as a diagnostic feature, indicated 
by a colour shift from purple to red when the pH in the media sank bellow 4,5. This test was 
known as the “Wurtz method” and was later followed by the Durham tube test introduced to 
demonstrate gas production from lactose catabolism (Ashbolt et al., 2001). As it was soon 
recognised that other organisms than “Bacillus coli” shared these phenotypic properties, the 
notion of coli-form bacteria was introduced in 1893 by Blachstein to describe bacteria 
resembling “Bacillus coli”.  New media introducing selective agents such as bile salts were 
first introduced by MacConkey in 1900 and 1901 to increase selectivity to recover coliforms 
originating from faeces only (Prescott et al., 1946). In 1919 Bacillus coli was renamed 
Escherichia coli and non-pathogenic related species representative of the normal human 
faecal microbial flora were used to build the core of the faecal coliform indicator group 
concept based on the ease to detect and their non persistence in the water environments to 
be monitored. Similarly, the presence in recreational waters of high levels of faecal 
coliforms (originating from faeces) and more specifically the species Escherichia coli has 
been found to correlate with swimming associated illness (Clinton et al., 1998; Francy et al., 
1993; Rice et al., 1998) and with economic loss for shell-fisheries due to coastal shores 
faecal contamination (Weiskel et al., 1996). Based on such findings, safety guidelines have 
been developed using the FC group as an indicator for faecal contamination. The emergence 
of pathogenic E. coli types in recreational and drinking water (Francy et al., 1993) illustrates 
the pertinence of using faecal coliforms as an indicator group. In USA a threshold of 200 
cfu / 100 ml for faecal coliforms and 126 cfu / 100 ml for E. coli, is recommended for 
bathing waters (US Environmental Protection Agency, 1986), whereas in Europe the 
“guideline value” threshold for faecal coliforms has been set at 100 cfu / 100 ml (The 
council of the European communities, 1976). 
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The most commonly used quantification reference methods for monitoring microbial 
quality of water employ membrane filtration (MF) or most probable number (MPN), which 
both as a rule require 24 to 48 hours for completion (American Public Health Association, 
1995). In order to improve public safety, faster microbiological detection is desirable for 
shortening the time required to implement appropriate measures in the case of an 
unacceptable level of contamination. To be useful, such methods ought to give results 
within a working day, be quantitative, sensitive and specific, require less work than the 
current standard methods, have a high throughput and be non-destructive to the target 
organisms to allow confirmation work (Sartory et al., 1999).  
Traditionally the FC group, which is primarily, but not uniquely, composed of faecal 
coliform bacteria, is defined as follows: Gram negative, oxidase negative bacteria belonging 
to the Enterobacteriaceae group, able to ferment lactose with the production of acid and 
usually gas within 48 h at 44 oC in the presence of bile salts or other surface active 
compounds with similar growth-inhibiting properties. This definition is operational rather 
than taxonomic and in order to better reflect the fact that not all FC are from faecal origin, 
the denomination thermotolerant coliform has been used instead of FC. The Total Coliform 
(TC) group is a larger group, comprising the FC, characterised by a less stringent 
temperature, around 35oC, allowing for the recovery of additional coliform species. These 
phenotypic characteristics were the basis for the developing of the various coliform 
selective media as shown in Table 1. In practice, these various methods defined the coliform 
groups. 
 










Endo agar  
Lactose 
TTC 
Peptone + + - + + + + 
Yeast 
extract + - - + + + + 
Tryptose - - - - + + + 
Casein 
hydrolysate - + + - - + - 
Sodium 




- - - - - + - 
Lactose + + + + + + + 





















































oC 4h & 
37.0oC 14h 35.0



















Standard UK Environment Agency, “The Microbiology of Drinking Water” 
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2.2 New requirements for the definition of the 
coliform bacterial indicator group and their 
implications for detection 
 
Since it has been clearly established that members of the FC group also comprises purely 
environmental strains, it was globally accepted by 2001 to abandon the FC denomination 
(Leclerc et al., 2001). For the identification of coliform bacteria, acid, aldehyde and/or gas 
production from lactose catabolism have been the bases of numerous methods. However, 
the fact that -galactosidase positive faecal coliforms, in particular E. coli, in some cases do 
not produce gas, due to the lack or loss of the enzyme formate-hydrogen lyase (Leclerc et 
al., 1989), has led to the proposition of new definitions. The 1994 edition of Report 71 
(Aston et al., 1994) does not any longer mention the requirement for gas-formation and 
instead requires the presence of -galactosidase for coliforms and -glucuronidase 
specifically for E. coli. These changes were further stated in the 2002 version (Barell et al., 
2002b) that was published to implement the 1998 EU directive (Anonymous, 98 A.D.). As 
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shown in Table 2, these changes in definitions had consequences regarding which bacteria 
were included in the coliform group. 
 




Growth at 37oC, gas and acid 
production from lactose 
Growth at 37oC, acid 
production from lactose 
Growth at 37oC and 
possess -galactosidase 
Citrobacter  + + + 
Enterobacter + + + 
Escherichia + + + 
Klebsiella + + + 
Hafnia - + + 
Serratia - + + 
Yersinia - + + 
Kluyvera - + + 
Pantoea - + + 
Moellerella - - + 
Budvicia - - + 
Buttiauxella - - + 
Cedecea - - + 
Ewingella - - + 
Leclercia - - + 
Rahnella - - + 
Yokenella - - + 
Morganella - - - 
Providencia - - - 
Salmonella - - - 
Shigella - - - 
Proteus - - - 
Reference (Ashbolt et al., 2001; Barell et al., 2002a; Leclerc et al., 1989; Leclerc et al., 
2001; Stevens et al., 2003) 
Bold: members found in human faeces  
 
In compliance with these new definitions, various methods based on enzyme-specific 
substrates have been developed; such as for example the demonstration of -galactosidase 
activity, in an appropriate selective medium. These methods include the use of substrates, 
which will give rise to chromogenic, fluorogenic and luminescent products (Alonso et al., 
1996; Berg et al., 1988; Edberg et al., 1988; Manafi, 2000; Robertson et al., 1998; Rompre 
et al., 2002). The natural substrate for the -galactosidase enzyme, lactose, is a diholoside 
composed of -D-galactose and -D-glucose bonded through -1-4 glycosidic linkage. 
Alternative substrates would typically conserve a -D-galactoside moiety linked to the 
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desired reporter molecule. For example, the hydrolysis of 4-methylumbelliferone--D-
galactoside (MUgal) by -galactosidase will produce galactose and 4-methylumbelliferone 













Fig 1. Hydrolysis of 4-methylumbelliferone- -D-galactoside substrate by -D-galactosidase  
 
2.3 Chromogenic and fluorogenic substrates 
used for microbiological analysis 
 
Chromogenic substrate in microbiological media for diagnostic purpose was used as early as 
1909 by Harrison and van der Leck for the characterisation of glucosidase activity by 
hydrolysis of aesculin (Prescott et al., 1946). Hydrolysis of aesculin produces a soluble dark 
compound in the presence of iron salts, which has been used mainly for the characterisation 
of Enteroccoci although many other species possess glucosidase. New chromogenic 
substrates were developed, mainly after the 1990, expanding the range of targeted enzymes as 
well as the variety of the chromogenic reporters used for detetection. Focus was also given to 
improve quality of the test by developping non soluble chromogenic products to avoid 
diffusion in the solid media hence to be able to better differentiate target colonies. One of the 
main aglycone reporter molecule used for chromogenic detection of glycosidase activity is 
indoxyl and its derivatives. More recently alizarin, an iron chelator, has been used to develop 
-D-glucoside substrates (Perry et al., 2007). Interestingly the authors found that this new 
+
-galactosidase digestion
Fluorogenic product  
(exc. 365 nm, em. 440 nm) 
galactose  
MUgal 
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substrate increased the number of known responsive organisms. Typically -D-glucoside 
activity would be used to characterise Enterococci and Listeria species, whereas alizarin-
glucoside in the presence of iron would also be metabolised by E. coli and Citrobacter 
freundii. One explanation suggested by the authors is that this is due to increased uptake by 
the organism or enzymatic induction.  
 
Fluorogenic substrates followed in the development of new reporters, mainly 
derivatives of 7-hydroxycoumarin also called umbelliferone. These reporter substrates have 
been  included in either liquid or solid media and appropriate combination of different 
reporter systems allowed to develop media for the simultaneous detection of two target 
enzymes i.e. the detection of -D-galactosidase and -D-glucuronidase using either different 
chromogenic substrates or a chromogenic substrate and a fluorogenic substrate. An overview 
of commercially available and recent developments of chromogenic and fluorogenic media is 
given in Table 3.   
New promissing substrates have been described but do not seem to have been integrated 
yet in the development of commercial methods. For the detection of -D-galactosidase, EHC 
(ethyl-7-hydroxycoumarin-3-caboxylate), a derivative of 7-hydroxycoumarin, seems to avoid 
the main pitfalls associated to using 4-MU, namely the requirement of a high pH to generate 
maximum fluorescence, due to a pKa of 4-MU around 8, and toxicity for coliform bacteria 
(Chilvers et al., 2001). At neutral pH, 4-MU had a fluorescence level only 37% of that 
produced by EHC and exhibited a higher inhibition level of coliform.  Inhibition was 
observed for concentrations of core coumarin above 0.008 mmol l-1, which is relatively high 
as levels required for visual detection of 4-MU without alkalinisation is around 0.003 mmol l-
1 (personal data). However, it is possible that the inhibition differences might affect recovery 
of injured bacteria so that EHC would allow a higher recovery of target bacteria. Similar data 
were produced regarding the entire -D-galactoside substrates, indicating less bacterial 
toxicity for EHCgal compared to MUgal (Chilvers et al., 2001). When tested after 6h 
incubation using 12 different coliform bacteria, EHCgal decreased the time needed for 
detection by 1h compared with MUgal which, within the same time, produced only 27.7% of 
the fluorescence obtained with EHCgal. This new fluorogenic substrate seems to have the 
highest potential for rapid assays as maximum sensitivity is obtained without the requirement 
of hazardous high alkaline solution, hence enabling further microbiological analysis from the 
same assay if required. This substrate also appears to be metabolised faster by coliform 
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bacteria than MUgal, therefore shortening the time to detection.  Finally, it might favour a 
better recovery of “Injured” target organisms reducing false negatives.   
The fluorogenic substrate 6-chloro-4-methylumbelliferyl- -D-glucuronide (CMUG) 
used for detecting -D-glucuronidase is another example of a new improved fluorogenic 
substrate reported to have a twofold enhanced sensitivity compared to that of MUG and in 
addition being non inhibiting to the targeted organisms (Perry et al., 2006).  
 
Enzymatic based methods used for rapid detection are dependant of fluorescence 
detection limit and non-target enzymatic activity present in the sample.  The latter will vary 
according to the origin of the sample. Environmental samples and particularly sea water 
samples are known to contain a wide variety of non target -D-galactosidase activity. 
Determining the average background level as well as the measurement variations are essential 
to assess specificity and sensitivity of rapid methods in general. In paper I, we found that the 
average sample background which had to be taken into account for optimized results 
corresponded to 2ppb MU and 1ppb for the instrument variation resulting in a pass level of 
3ppb. A consequence which we reported in paper I is that the system will perform worse for 
individual samples without background activity than for samples with background activity. 
Indeed, when no background activity is present, the target bacteria will then have to produce 
enough fluorescence to first reach the pass level before it can be scored as a positive sample. 
Consequently, increased fluorescence sensitivity will not help shorten the required time for 
detection as the time needed in average to “cover” the pass level will remain the same. This 
limitation of the system may be overcome by the use of new substrates, i.e. EHC, which are 
more rapidly metabolized by the target bacteria, hence will help reach quicker the 
fluorescence threshold. This will in part depend on the non target activity not following a 
similar increase.  
 
Table 3. Overview of chromogenic and fluorogenic substrate for indicator detection  










-D-galactoside / fluorescence at 
366/455nm 
- - Colifast (CA 100), Colifast at line (CALM) 
EHCgal: ethyl-7-
hydroxycoumarin-3-caboxylate--
D-galactoside fluorescence at 
  (Chilvers et al., 2001) 
  18 













- - (Gee et al., 1999)¸ Molecular Probes, 
ONPG: o-nitrophenyl--D-
galactopyranoside / Yellow 
MUG: 4-methylumbelliferyl-
-D-glucuronide / 
fluorescence at 365/455nm 
- 
























E. coli / coliform Agar 
(formerly Chromogenic E. 
coli/coliform Agar, Oxoid) 
CPRG: Chlorophenol red--D- 
galactopyranoside / Red 
MUG: 4-methylumbelliferyl-
-D-glucuronide / 
fluorescence at 365/455nm 






fluorescence at 365/455nm 
- 
Fluorocult® LMX broth 
(Merck), Readycult® 








glucuronide / fluorescence at 
365/455nm 
 (Perry et al., 2006) 





- TBX (Oxoid) 
- 
HQG: 8-hydroxyquinoline--
D-glucuronide / Black 
complex 
- Uricult Trio (Orion Diagnostica) 










agar (Merck) Readycult® 






purple*; Pink**  
(Perry et al., 2007) 
* with ferric ammonium 
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Most of the methods using chromogenic or fluorogenic substrates are still manually 
operated (Apte et al., 1994) or a single sample is analysed at one time (Reynolds et al., 
1999; Van Poucke et al., 2000), or the total time to obtain a result exceeds a working day 
(Santurette et al., 1995). More recently an online system, the Colilert 3000, was described 
(Zuckerman et al., 2008). In an attempt to increase the number of samples processed and 
reduce the time required to analyse the samples, a semi-automated instrument, CA-100, as 
well as a specific microbiological culture medium (Berg et al., 1988) were developed by 
Colifast Systems ASA to assess the presence or absence (P/A) of coliforms. The instrument 
monitors the activity of -galactosidase in samples added either directly or after membrane 
filtration, followed by incubation at the appropriate temperature in the selective Colifast-6 
medium. Since the intensity of the fluorescence signal of a sample is proportional to the 
amount of product formed from the substrate in the medium, information of a semi-
quantitative nature is generated. 
In a study, performed at the Environment Agency Laboratory, Wales, the CA-100 was 
used in parallel with reference methods used in the laboratory to assess the microbiological 
quality of Welsh environmental waters, freshwater as well as seawater. A total of 1011 
samples from 206 sites were processed in the period between January and October 1999 
(Paper I).  
 
2.4 Molecular microbiological methods for 
microbial drinking water assessment 
 
As the methods and definitions evolved to include more species within the coliform group, 
the number of described environmental strains increased such that interpretation of the 
signification of the redefined group also needed a revision. Even when using the selective 
temperature of 44oC, the coliform group could no longer be associated exclusively with 
faecal contamination. As a result, the coliforms are now redefined as a “general (process) 
microbial indicator” whereas E. coli is considered the only true indicator for faecal 
contamination (Ashbolt et al., 2001) among coliform bacteria. The first methods devised for 
characterising faecal bacteria were based on detecting end products of lactose catabolism, 
such as acidification, production of aldehydes or gas. As we have seen, direct 
characterisation of -D-galactosidase, the first enzyme involved in lactose catabolism, led to 
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an increase in the size of the target coliform population. The next step in microbiological 
method development employs NA for detection and identification. This includes for 
example targeting the gene(s) involved in the coding and regulation of -D-galactosidase or 
-D-glucuronidase. This change in methods once again has the potential to increase the size 
of the coliform target group within the Enterobacteriaceae family by detecting MUgal or 
MUG negative strains which still possesses the corresponding coding sequence (Bej et al., 
1991a; Feng et al., 1991). Indeed, the presence of -D-glucuronidase is used for the 
characterisation of E. coli but it is well known that some E. coli strains fail to express the 
enzyme because of a mutation. This is for example the case for most E. coli O157H7 which, 
in spite of this, can be characterized using PCR for the identification of the mutated gene 
(Cebula et al., 1995; Feng, 1993).  Figure 2 shows the evolution of the coliform definitions 





















Although the first PCR assays for detecting bacterial indicators in water were 
developed in the early 1990s (Bej et al., 1990; Bej et al., 1991c; Bej et al., 1991a), Nucleic 
Evolution of methods 
    














UK-EA Report 71 
1994 (6th edition) EU directive 1998; 
WHO Water Quality 2001; 
UK-EA report 2002; 
Coliforms redefined as -galactosidase positive 
Enterobacteriaceae, used as a general process 
indicator. Faecal indicator is reduced to E. coli  
Litmus milk 1892; 
Durham tube 1893; 
MacConkey agar 1901; 
UK-EA Report 71, 
1934 (1st edition) 
  
EU regulation on 
microbiological criteria 
for foodstuffs 2005 
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Acid Amplification Test (NAAT) does not yet appear to have been established for routine 
analysis of water samples. Their implementation would necessitate addressing the following 
points: a) develop the NA assay with the required sensitivity and specificity b) improve 
sample preparation techniques to allow large volumes (i.e. 100mL) to be processed 
efficiently in a NA amplification test (typically using 10ul sample) c) get rid of the possible 
presence of NAAT inhibitors in the sample d) have acceptable cost per analysis. 
In the next part of this work, we attempt to explore points a), and c), by defining 




3 Developing NAATs 
3.1 Introduction 
 
As we have seen in chapter 2, the faecal coliform group is no longer considered an indicator 
for faecal contamination. As the total coliform group expanded within the 
Enterobacteriaceae and the advent of new NA based methods offered unprecedented 
possibilities for diagnostic which was first implemented in clinical microbiology (Whelen et 
al., 1996), we considered the development of NAAT for water microbiological assessment 
and selected associated diseases to be the next logical step in the present work. The effort 
would primarily focus on developing specific and integrated assays before addressing the 
new challenges brought by sample preparation for NAATs. The Enterobacteriaceae family 
appeared as a logical extension of the enlarged coliform group with the added benefit of 
being a well defined taxon, and was therefore our primary objective for finding a suitable 
NA marker and develop a PCR assay. In order to detect some of the emerging 
Enterobacteriaceae water associated pathogens, specific pathogenic markers were included 
to characterise mainly Enterohemorrhagic E. coli (EHEC) and Enteropathogenic E. coli 
(EPEC). Finally, as an alternative to E. coli for faecal contamination indicator we set 
Enterococcus faecalis and Enterococcus faecium to be included in the work.        
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3.2 The Polymerase Chain Reaction (PCR) 
 
After the PCR was invented by Kary Mullis in the mid 80s (Mullis et al., 1986), other 
alternative amplification systems such as NASBA (nucleic acid sequence-based 
amplification), TMA (transcription mediated amplification) or SDA (strand displacement 
amplification) have been described.  Although these methods have some appealing features 
such as using RNA rather than DNA as initial target for amplification, none of them seemed 
as flexible and accessible as PCR for developing new assays. In the present work PCR was 
therefore chosen as our primary tool for developing our assays.  However, in order to be 
efficient and practical, it is important that the PCR methods that are used are robust, i.e. that 
they provide a strong and easily reproducible amplification, with no generation of additional 
products. Furthermore, when multiple targets are aimed at, the use of multiple primer sets in 
the same PCR reaction (multiplex PCR; two primer pairs means a duplex PCR, three primer 
pairs a triplex PCR etc.) is also preferable to the use of a separate PCR protocol for each of 
the primer sets (simplex PCR). This allows saving time and reagents, and thus lowering the 
cost of the analysis. 
When applying PCR it is possible to use so called universal primers. Universal 
primers are designed with the aim of working for all variants of a given gene or DNA target. 
Typically the primers will be chosen in the most conserved areas of the gene in question, 
which is ideally identical in all variants. When no conserved identical part of the DNA 
target can be found, two strategies can be employed to accommodate the ambiguous 
nucleotide positions: silent mismatch and degenerate primers. In the first case, the primers 
are designed so that the variable nucleotide(s) are positioned in the primers in a way that 
will allow amplification to proceed in spite of one or more mismatches. Typically, these 
ambiguous positions will be positioned at the 5’ end of the primers. In the case of 
degenerate primers, all the ambiguous positions are accounted for, and a mix of all possible 
combination of the variable positions is used. This has the inconvenience of diluting the one 
full match primer set. However, the advantage is that it will be more efficient for highly 
variable genes and have more chances of functioning on new unknown variants of the 
target.  
Optimalisation of a PCR reaction aims at improving sensitivity (yield) and specificity 
(avoid amplification of non target DNA). Typically, the annealing temperature Ta, 
concentration of primers and MgCl2, will first be optimised. The higher the Ta the more 
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specific the reaction will be, albeit at the cost of sensitivity beyond a certain limit. 
Designing primers with a theoretical high Ta can therefore also be advantageous to reduce 
false priming. Further optimisation can be achieved by using chemical compounds often 
refered to as “PCR facilitators”. They will help alleviate deficience or absence of 
amplification caused by either difficult target DNA or because of the presence of PCR 
inhibitors (see Table 4). For example, DMSO, formamide and betaine may be used when the 
target DNA sequence is GC rich and/or has secondary structures. When PCR inhibitors are 
suspected to be present, such as with urine or environmental samples, and may be carried 
through the isolation causing PCR inhibition, BSA or gp32 may be used to facilitate the 
PCR.  Finally, many of the compounds used for chemical lysis have also inhibitory effect to 
the PCR.  In the case they are partly carried over to the eluate due to insufficient NA 
purification, other facilitators such as Tween 20 or 40 may be used (see Table 4). This kind 
of PCR inhibition can be avoided by using alternative lysis procedure to avoid chemical 




Table 4. PCR Facilitators 
Facilitators Quantity Remark Reference 
DMSO (Dimethyl 
Sulfoxide) 2-10% wt/vol 
Reduces secondary structures and is 
useful for GC rich targets, included in 
most PCR mastermixes, 
(Frackman et al., 1998; 
Henegariu et al., 1997) 




Used to neutralise Fe and other metal 
cations with stronger complexation 
constant with EDTA than Mg2+ 
(Teng et al., 2008) 
Formamide 1-5% wt/vol Reported useful to increase specificity (Sarkar et al., 1990) 




Useful for samples know to contain 
PCR inhibitors i.e. blood, faeces, 
melanin, ancient DNA  
(Abu Al-Soud et al., 
2000; Giambernardi et 
al., 1998; Kreader, 
1996) 
Gp32 (T4 gene 32 
protein) 0,01% wt/vol 
Useful for samples know to contain 
PCR inhibitors i.e. blood, faeces, 
ancient DNA 
(Abu Al-Soud et al., 
2000; Kreader, 1996) 
Glycerol 5% wt/vol  
(Abu Al-Soud et al., 
2000; Henegariu et al., 
1997; Weissensteiner et 
al., 1996) 
PEG (Polyethylene 
Glycol) 4% wt/vol  
(Abu Al-Soud et al., 
2000) 
Betaine mono hydrate 
(N.N,N-
1-2,5M Reduces secondary structures and is (Frackman et al., 1998; Henke et al., 1997; 
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Facilitators Quantity Remark Reference 





15-100mM To eliminate non-specific priming and reduce potential DNA-RNA mismatch 
(Abu Al-Soud et al., 
2000; Chevet et al., 
1995) 
Tween 20-40, Triton 
X-100 0,5% wt/vol 
Useful to neutralise the inhibition 




Directly using NA genetic material for diagnostic purposes has considerably increased 
the flexibility and possibilities compared to traditional phenotypical methods. Hence, a large 
amount of PCR protocols have been developed for detecting higher microbial large taxons, 
species, and serotypes or for the detection of specific traits such as genes involved in 
defined aspects of a pathology i.e. coding for toxins. These methods have initially mainly 
focussed on clinical samples but have increasingly been covering other types of analysis 
using various sample types such as environmental or food samples. In an effort to gather an 
overview over existing methods, a list of PCR methods with primer sequences and assay 
conditions was compiled in appendix 3. Further, a visual summary of relevant PCR 






The Enterobacteriaceae is a coherent well-defined taxonomic unit, which is relevant both to 
clinical diagnostic and to food and water routine microbiological analysis, as it includes 
important human pathogens and the total coliform group. Traditional microbiological 
methods used for the identification of this family rely on biochemical properties of isolated 
re-grown bacterial colonies. Only few faster alternative methods have been developed so 
far, and they are all based on the identification of a trait or marker specific to the taxon. NA 
sequences coding for essential biological processes conserved through evolution, commonly 
referred to as “housekeeping” genes, have been used for phylogenetic and taxonomic 
analysis as well as for diagnostic applications. For example, sequences of 16S rRNA genes 
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have been widely used for such purpose including for the detection of Enterobacteriaceae 
members (Mittelman et al., 1997). 
The Enterobacterial Common Antigen (ECA) was first described in 1963 by Kunin et 
al. (Kunin, 1963) and defined as a cross-reactive antigen that is detectable in all genera of 
Enterobacteriaceae by indirect hemagglutination and by other methods using antiserum to E. 
coli. It was later found to be strictly family specific with diagnostic as well as prophylactic 
potential. The only known noticeable reported exceptions are the Enterobacteriacea ECA-
negative Erwinia chrysanthemi and the non-Enterobacteriacea ECA-positive Plesiomonas 
shigelloides, both of which have disputed taxonomic positions (see review (Kuhn et al., 
1988)). The ECA is a glycophospholipid built up by an aminosugar heteropolymer linked to 
an L-glycerophosphatidyl residue. This surface antigen remained undetected for a long time 
due to its non-immunogenicity in most Enterobacteriaceae despite its general ability to act 
as an epitope (hapten). There are seven genes implicated in the synthesis of ECA, rfe, rffD, 
rffE, rffC, rffA, rffTand rffM which are clustered around 85 minutes on the E. coli genome 
and 83 minutes on the Salmonella typhimurium genome (Ohta et al., 1991; Rick et al., 
1996). Of these seven genes rfe is also implicated in the synthesis of many O antigens. The 
nomenclature of these genes was changed and rfe-rff genes are know defined as the wec 
gene cluster (Reeves et al., 1996). 
Immunology-based diagnostic tests have been developed to detect the presence of ECA for 
clinical applications (Malkamaki, 1981) and later to monitor drinking water microbiological 
quality by detecting bacteria belonging to the Enterobacteriaceae family (Hubner et al., 
1992). Such tests rely on the expression of the character being tested for, which might be 
absent or poorly expressed in mutants, although most of the gene coding sequence may still 
remain intact. In this connection DNA-based techniques, i.e. PCR, have been successfully 
used to decrease the amount of false negatives in diagnostic applications, i.e. beta-
glucuronidase enzyme and its coding sequence used for the detection and identification of 
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3.4 Enterococcus faecalis and E. faecium 
   
In the same maner as E.coli, E. faecalis as well as E. faecium have commonly been 
considered to be harmless commensal of the human digestive tract of healthy humans, 
although usually present in amounts up to ten times lesser than E. coli, (Leclerc et al., 1989). 
Members of the Enterococcus genus have been used as human probiotics, for ripening and 
aroma development of various foods and some members produce bacteriocins with anti-
Listeria activity. However, E. faecalis and E. faecium have also emerged as important 
aetiological agents for various nosocomial diseases. Enterococci are responsible for 
nosocomial bacteremia, surgical wound infection, endocarditis and urinary tract infection. 
Most infections are caused by E. faecalis which, in contrast to E. faecium, has virulence 
genes such as gelatinase, cytolysines, adhesines and invasines (Franz et al., 2003; Jett et al., 
1994). Both species also have acquired a steadily increasing pool of resistance determinants 
to antibiotics such as -lactams, aminoglycosides and glycopeptides (Arthur et al., 1996; 
Cetinkaya et al., 2000; Courvalin, 2005; Gholizadeh et al., 2000; Willems et al., 2007) 
although E. faecium is more often resistant to glycopeptides such as Vancomycin and 
Teicoplanin. These characteristics have turned these species into resilient potentially life 
threatening pathogenic bacteria. 
Thus, in a similar fashion to E. coli, they have evolved to cumulate two relevant traits 
in relation to the present work: they are major members of a traditional indicator group 
important for water surveillance called the “faecal streptococci” or FS (Ashbolt et al., 2001), 
and they are potential pathogens important to be identified in the clinical world (Franz et al., 
1999a).  Detecting and identifying these organisms have therefore become increasingly 
relevant. Specific phenotypic and genotypic traits have been used for the development of 
various detection methods. Table 5 summarizes some of the characteristics which have been 
exploited or could be of interest for diagnostic purpose. When compiling the literature for 
PCR-based methods (see Annex IV), it seemed few were capable of specifically detecting E. 
faecalis and E. faecium, which has emulated the search of new species-specific genetic 





  27 
Table 5 Selected genetic traits of potential diagnostic interest for E. faecalis and E. faecium   
Selected characteristics Genetic support E. faecalis 
E. 
faecium Reference 
glucosidase Chromosome + + 
(Devriese et al., 1993; 
Jett et al., 1994) 
Hyaluronidasea, gelatinaseb bgelE variable variable 
Enterocin A, B & P Chromosome - + 
(Joosten et al., 1997) 
(Franz et al., 1999a; 
Haas et al., 1999; 
Herranz et al., 1999) 
 
 
Enterocin 50 Plasmid PC1Z1 - + 
Bacteriocin AS48 Pheromone responsive plasmid pMB2 80% 60% 
Bacteriocin 31 Pheromone responsive plasmid pY117 + - 
Cytolysine (hemolysine) Pheromone responsive plasmid pAD1 + - 
Acquired inducible VanA 
(resistance to high levels of 
vancomycin and teicoplanin) 
Tn1546 on plasmid or 
chromosomal mobile elements (+) + 
(Dutka-Malen et al., 
1995; Gholizadeh et 
al., 2000; Leclercq et 
al., 1997; Ostrowsky 
et al., 1999; Perichon 
et al., 1997) 
Acquired inducible VanB 
(resistance to variable levels of 
vancomycin) 
Tn1547 associated to pheromone 
responsive plasmids or mobile 
elements on the chromosome 
+ + 
Acquired constitutive VanD 
(resistance to moderate levels 
of vancomycin and teicoplanin) 
 + + 
Tetracycline resistance Pheromone responsive plasmid pCF10 and transposon mediated + - 
(Dunny et al., 1995) 
(Murray, 1998) 
N-aminoglycoside 
acetyltransferase Chromosome - + (Costa et al., 1993) 
Enhanced expression of 
pheromone eep Chromosome + - 
(An et al., 1999) 
(Clewell, 1993; 
Dunny et al., 1997; 
Hirt et al., 1996; 
Wirth, 2000) 
Pheromones promoting the 
conjugative transfer of 
plasmids 
Chromosome + - 
Agreggation Substance (AS) Plasmid + - 
 
Enterococci are catalase-negative Gram-positive facultative anaerobic bacteria 
capable of growing at a temperature range from 10oC to 45oC, in 6,5% NaCl broth or 0,04% 
sodium azide and bile salts. The presence in these organisms of the enzyme -glucosidase 
has been exploited to develop specific growth chromogenic media (Adcock et al., 2001; 
Rhodes et al., 1997).  
  28 
The acquired vanA phenotype confers high level inducible resistance to both 
Vancomycin and teicoplanin whereas the VanB phenotype confers variable levels of 
inducible resistance to vancomycin only. The gene coding for VanA is carried by the 
transposon Tn1546 and is mostly found among E. faecium isolates. Both vanA and vanB 
produce the glycopetide resistant depsipeptide D-alanyl-D-lactate (D-Ala-D-Lac) instead of 
the glycopeptides sensitive dipeptide D-Ala-D-Ala. The constitutive vanC produce D-Ala-
D-Ser which has low affinity to glycopeptides antibiotics. Finally, the constitutive vanD has 
a similar mode of action as vanA & B but is not transferable by conjugation. An overview of 
the antibiotic resistance system for E. faecalis and E. faecium and the E. faecalis sex 



















PBP5 has an intrinsic low 
affinity to penicillin whereas the 
PB1produced in connection with 
induced glycopeptides resitance, 




Fig. 3 Overview of antibiotic resistance and pheromone responsive conjugation 
system of Enterococcus faecalis. PBP: Penicillin Binding Protein; Asa1: 
Aggregation substance; EBS: Enterococcal Binding Substance; eep Enhanced 
expression of pheromones; ddl: D-ala, D-ala ligase; * Cytolysin, Bacteriocin 31, 
& AS48 are Class I bacteriocins (lantibiotics) produced by conjugative 
pheromone responsive plasmids. 
Tn1547 
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Several PCR methods have been developed for the detection of the van 
glycopeptides-resistance genes (Dutka-Malen et al., 1995; Modrusan et al., 1999; Petrich et 
al., 1999) as well as for detecting the species E. faecium (Bergeron et al., 1999; Cheng et al., 
1997; Dutka-Malen et al., 1995)  and E. faecalis (Dutka-Malen et al., 1995).  
In paper III we present species specific PCR primers for the detection of E. faecalis 
constructed using the eep gene and species specific PCR primers for the detection of E. 
faecium constructed using the aac(6’)-Ii gene. The target genes were selected for their 

































Fig. 4 Overview of antibiotic resistance system of Enterococcus faecium.  









Binding  + 
D-Ala-D-Ala
ddl E. faecium 
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3.5 Shiga toxin gene stx 
 
3.5.1 stx nomenclature 
 
As indicated by its name, this class of toxin was first discovered in Shigella dysenteriae. A 
similar toxin was later discovered in E. coli, characterized as cytotoxic to vero cells and 
named Vero toxins (VT). The group of E. coli producing VT was accordingly named VTEC 
(Konowalchuk et al., 1977). The toxin was later shown to be related to Shiga toxin, which 
prompted some authors to rename it Shiga like toxin (SLT) and SLTEC to describe the 
bacterial group producing it (O'Brien et al., 1983). As it became more evident that all Shiga 
toxins are related, a new genetic nomenclature was proposed and widely accepted, and is the 
one we use in the present study (Calderwood et al., 1996; Karmali et al., 1996). 
Consequently this group of E. coli is now referred to as Shiga toxin producing Escherichia 
coli (STEC).  
 
3.5.2 stx structure 
The Shiga toxin is an A-B toxin type formed of the association of 5 B subunits structured in 
a ring-like fashion with one A subunit on top of the ring. The ring is responsible for the 
recognition and attachment to the eukaryotic Gb3 globotriaosylceramide cell receptor of the 
toxin, whereas the A subunit is the active toxic component that inhibits protein synthesis by 
removing an adenine from the 28 S rRNA. The two subunits are encoded by two genes 
organized in an operon in which the B subunit is more frequently transcribed than A, 
enabling the final molecular ratio of 1/5 for the holo toxin (O'Brien et al., 1992).   
The stxA gene varies in length from 948 bp for stxA1 to around 960 bp for stxA2 and 
the “theoretical” maximum length after alignement of all variants is 967 bp, and is the value 
used as the reference template for numbering the primers (see appendix A1).  The gene 
coding for the B subunit is 267 bp in length. As more stxA sequences have been described 
than stxB, and since stxA is longer, the latter was chosen here for the development of 
universal primers to detect the presence of stx. 
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3.5.3 stx variability 
Many variants of the stx gene have been described and new ones are still characterized. 
They have been classified in 2 main groups according to their sequence similarity. The first, 
stx1, is found in STEC and are almost identical to the shiga toxin genes of S. dysenteriae 
type 1, stx. The only stx1 variant, initially called stx1ox3 and later renamed stx1c, is primarily 
found in sheep but is also associated with humans presenting weak diarrhoea symptoms or 
among asymptomatic carriers (Koch et al., 2001; Zhang et al., 2002b). stx1c can be found 
alone or together with stx2d mainly in E. coli serotypes O113, O128 O76 or O146 and are 
characterised by the absence of eae (Beutin et al., 2004; Friedrich et al., 2003).    
The second group, stx2 and its variants, is the most divergent and comprises sub-
groups which appear to be found in host-adapted strains and other species than E. coli. It 
also encodes for the most potent shiga toxin for humans. Both stx2 and stx2c are mainly 
hosted by STEC associated with the aetiology of severe human diarrhea whereas stx2d has 
been isolated in STEC of both human and cattle origin (Ramachandran et al., 2001). Finaly, 
stx2e have been found in porcine E. coli (Franke et al., 1995) while stx2f are found in E. coli 
hosted by birds (Morabito et al., 2001; Schmidt et al., 2000). Although the toxins Stx2e and 
Stx2f toxins seem to be adapted to their respective hosts they both have been associated 
with human disease (Franke et al., 1995; Gannon et al., 1990; Morabito et al., 2001; 
Muniesa et al., 2000b; Sonntag et al., 2005). Combination of different stx variants can be 
found in one and the same bacteria as illustrated by the cases of three patients with 
diarrhoea, each of which had a different STEC serotype carring the genes stx1, stx2 and stx2c 
(Furst et al., 2000). Cattle are considered to be the main reservoir of STEC with 50 to 95% 
of the animals found to be host (Fegan et al., 1999) although many other domestic animals 
were also found to host STECs (Beutin et al., 1993). In addition, bacteria carrying stx genes 
have been isolated from marine waters (Miyagi et al., 2001) and are commonly found in 
rivers (Kurokawa et al., 1999). Although not all Stx-producing bacteria can have phage 
induced, all stx genes, including that of S. dysenteriae serotype 1, are considered to be phage 
borne (Unkmeir et al., 2000). In this connection, Shiga toxin-converting bacteriophages are 
commonly isolated from sewage (Muniesa et al., 1998) and have been shown to play an 
important role in the emergence of new STEC variants (Muniesa et al., 2000a; Schmidt, 
2001). These findings illustrate how ubiquitous Shiga toxins are in our environment 
spanning from land to sea and air with the intrinsic potential of horizontally spreading to 
new bacterial hosts.  
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3.5.4 STEC diversity 
Although the first and main STEC serotype associated with the onset of human disease is 
O157:H7, more than 200 serotypes have been recognized (Beutin et al., 2004; Coia, 1998; 
Griffin et al., 1991; Nataro et al., 1998; World Health Organization, 1998) therefore the 
importance of developing methods for detecting them have been emphasized (Acheson et 
al., 1996; Johnson et al., 1996; World Health Organization, 1998). The STEC serotype 
associated with the development of human haemolytic uraemic syndrome might vary from 
one country to another as shown in a recent Australian survey in which none of the 98 
Hæmolytic Uremic syndrome (HUS) cases identified over 4 years were associated to 
O157:H7 (Elliott et al., 2001). Similarly, in another Australian study, no O157:H7 was 
detected among the 23 STEC strains isolated from bovine faecal samples (Hornitzky et al., 
2001). Non-O157 STEC were possibly previously underestimated because of the use of 
diagnostic methods targeting typical phenotypic characteristics of the O157:H7 serotype 
such as delayed sorbitol fermentation and lack of glucuronidase activity rather than toxin 
production (de Boer et al., 2000; HMSO, 1996; March et al., 1986; Zadik et al., 1993). 
These tests were developed to enable mass screening by routine laboratory but will 
obviously miss many STEC including atypical O157 isolates (Karch et al., 2001; Ware et 
al., 2000). A list of non-O157 STEC is kept updated by (Dr. Bettelheim, National E. coli 
Reference Laboratory, Melbourne, Australia 
[http://www.microbionet.com.au/vtectable.htm]).  The same criticism can be made for 
serological diagnostic tests, which are specific to the serotype, i.e. O157 detection methods. 
Other immunological diagnostic methods targeting Shiga toxins have been developed (Kehl 
et al., 1997; Mackenzie et al., 1998) but rely on toxin expression and lack the analytical 
flexibility of DNA-based methods. 
 
3.5.5 PCR protocols for detection of stx 
 To circumvent the unreliability of phenotypic expression, various DNA-based methods 
were developed for detecting stx. Due to the diversity of stx genes involved with the onset of 
human disease and the large amount of possible E. coli serotype carriers for stx, it is clear 
that a DNA-based method able to detect all variants of the gene encoding Shiga toxin is 
needed when evaluating human health risk of environmental samples or when identifying 
aetiological agents of human gastro-enteritis. Although various universal primer pairs for 
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the detection of stx have been described in the literature (see Appendix A3 and A4), few are 
able to detect all variants or can be used in a multiplex assay comprising a PCR positive 
control . Only the PCR assay described by Lin et.al. (Lin et al., 1993) was successfully 
tested so far in order to detect all stx variants in a simplex assay (Bastian et al., 1998; 
Schmidt et al., 2000).   
In the present work a “universal degenerate” primer pair, “Ustx” was constructed 
aiming at the detection of all variants of the stx gene (paper II and III). A total of 44 stx 
sequences representating all 7 main stx subtypes (including stx1c), have been aligned (see 
Appendix A1) with the purpose of finding conserved areas suitable for building a universal 
primer pair. The selected final areas for primer pair design still contained some variable 
positions. As shown in Fig 5, the Ustx degenerate primer pairs were designed to have the 
variable positions located away from the terminal 3’ end of the primer to enhance priming 
efficiency.  The nomenclature used for ambiguous bases is shown in Appendix 5. As the 
stx2f  gene variant had an extra nucleotide in the chosen reverse primer area, a 






FIG.5 Comparison of selected primers aiming at the detection of all variants of stxA gene; 
arrows are indicating the direction of the primers and complementary sequences are shown for 
the reverse primers. The conserved bases are shaded in black while the variable positions are 
unshaded. 
 
As shown in Figure 5, the forward primers used by Lin Z. and Read S.C. (Lin et al., 
1993; Read et al., 1992), are overlapping part of the forward Ustx used in the present work 
but use different reverse primers, thus generating amplicons of a different length. Moreover 
the overlapping forward primers used by Lin have four mismatched positions, whereas the 
present work uses degenerate, as well as longer primers. These last two points are important 
when evaluating the robustness of the method and use of these primers in a multiplex PCR. 
Furthermore, Lin and Read performed only simplex PCR. 
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Karch (Karch et al., 1989) developed a simplex PCR which was later included in 
multiplex PCR protocols (Fratamico et al., 1998; Fratamico et al., 1993; Nagano et al., 
1998) in which the reverse primer is complementary to a part of the Ustx forward primer 
used in the present work. Again, four mismatches are observed with the Karch primer as 
shown in Figure 5. Paton et al. in the simplex PCR they developed, (Paton et al., 1993b), 
used an overlapping degenerate perfect match to the reverse primer, although they used a 
different forward primer. Finally, Yamasaki S. described a simplex PCR (Kobayashi et al., 
2001; Yamasaki et al., 1996) in which the forward as well as the reverse primers are 
overlapping those of Ustx thus generating an amplicon of almost the same size (5 nucleotide 
less). The aim and the claim of all these protocols are to detect all variants of the stx gene 
using a “single pair” of primers. Few studies have compared and tested extensively such 
protocols, but two publications (Bastian et al., 1998) among which a study of the latest gene 
variant stx2f  (Schmidt et al., 2000), agree in finding that only Lin (Lin et al., 1993) achieves 
detection of all variants. A closer study of the reverse primers used by Paton and Yamasaki 
(Paton et al., 1993b; Yamasaki et al., 1996) indicates they would probably also fail because 
of a on nucleotide insert in the stx2f variant symbolised by a gap in Figure 5. As indicated 
above, we have extended the notion of degenerate primers to compensate for this gap by 
adding an overlapping primer pair with a perfect match to the stx2f variant. Although it 
appears as an extra pair of primers, it only serves as one more combination to cover all the 
possible ambiguous positions for the same primer pair location on the stx sequence. This 
was tested on various stx types; however, no stx2f was used to verify this particular variant 
would also be amplified with this protocol. 
 
3.6 Intimin 
Intimin is a protein involved in the intimate adherence of a bacterium to the epithelial cell 
membrane of the host’s gut. The eae gene (E. coli attaching and effacing) encodes intimin 
of pathogenic E. coli producing the typical A/E (attaching-and-effacing) histopathology in 
infected patients. In an experiment with human volunteers, intimin was proven to be 
necessary for the full development of diarrhoea caused by EPEC. At least ten different types 
of intimin have been described: alpha), (beta),  (gamma),  (delta)(Adu-Bobie et al., 
1998), (epsilon)(Oswald et al., 2000) and more recently the types 	(eta), 
(iota), (kappa) 
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(Zhang et al., 2002a), (zeta) (Jores et al., 2003), and(ksi) (Blanco et al., 2004). These 
types will often be associated with E. coli serotypes and pathotypes. For example, intimin  
will be associated with EPEC O56:H6 or O127:H6 wheras intimin  will be found among 
EHEC O157:H7 and EPEC O55 (Jores et al., 2003; Ramachandran et al., 2003). The 950 
amino acid sequence of intimin can be separated in two regions according to their degree of 
variability. The 670-aa N-terminal region is highly conserved whereas the 280-aa C-
terminal region shows a high degree of diversity. The C-terminal region, also known as 
Int280, is the exposed immunogenic part of intimin.  The eae gene is found in the so-called 
locus of enterocyte effacement (LEE) pathogenecity island of both EPEC and EHEC (Elliott 
et al., 1998; Yu et al., 1992). The LEE pathogenicity island has preferred insertion sites in 
the bacterial genome. Thus, for EPEC it is the chromosomal gene selC which is disrupted, 
whereas pheU is the preferred site for EHEC. 
Plasmid loss during sub-culturing has been reported and demonstrates that pathogenic 
plasmid borne molecular markers might be unreliable (Hill et al., 1981). Thus, the location 
of the locus of enterocyte effacement (LEE) on the chromosome rather than on a plasmid, 
which is often the case for several other virulence factors (Burland et al., 1998; Paton et al., 
1998), is of advantage in terms of stability of that DNA segment.  
A total of 21 eae sequences representative of all 10 main eae subtypes, have been 
aligned (see Appendix A2) with the purpose of finding conserved areas suitable for building 
a universal primer pairs which are used in paper II and III. 
 
3.7 Multiplex PCR  
After the “universal degenerate” primer pair for detection of stx was successfully tested, 
new primer sets were constructed for the remaining targets of interest (WecA for 
Enterobacteriaceae and the eae gene coding for intimin), checked for compatibility in a 
multiplex assay and tested (see Papers II and III). Examples of diverse Enterobacteriaceae 
species or pathotypes carrying stx or eae genes are listed in Table 6.    
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(Schmidt et al., 1993) 
M19473 
L04539 E. coli stx1 (EHEC) 
 
(Jackson et al., 1987) 




E. coli stx2 (EHEC) 
 
(Plunkett, III et al., 1999) 
(Muniesa et al., 2000b) 
(Schmidt et al., 2000) 
Z50754 Enterobacter clocae (Paton et al., 1996) 
 Serratia marcessens (Paton et al., 1997) 
M19437 
AJ271153 Shigella dysenteriaea 
(Strockbine et al., 1988) 
(Unkmeir et al., 2000) 








E. coli (EHEC / EPEC / 
RDEC) 
(Yu et al., 1992) 
(Elliott et al., 1998) 
(Beebakhee et al., 1992) 
(Agin et al., 1996) 
(Oswald et al., 2000) 
L29509 Escherichia albertii (formerly Hafnia alvei) 
 
(Albert et al., 1991; 
Albert et al., 1992; 
Frankel et al., 1994; 




(formerly C.  freundii biotype 
4280) 
 
(Schauer et al., 1993) 







(Ohta et al., 1991) 
 
aEHEC, Enterohaemorrhagic E. coli; EPEC, Enteropathogenic Escherichia coli; RDEC,   
rabbit EPEC 
3.8 Typing for stx 
Once the stx gene has been identified, it is important to determine which subtype it belongs 
to in order to gather knowledge on the potential health hazard it represents and help decide 
on the course of action to be taken (see 3.5.2). In the present work, two complementary 
approaches were devised based on the sequence of the Ustx amplicon. The first is a 
seminested PCR protocol to easily differentiate stx1 from stx2 whereas the second method 
uses a restriction enzyme to digest the Ustx amplicon product generating restriction patterns 
each specific to stx subtypes. 
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3.8.1 Semi-nested PCR 
A semi-nested duplex PCR protocol was developed to differentiate stx1 from stx2. It is 
composed of three primers. One reverse primer identical to the one used in the universal stx 
protocol, UstxL, and two forward primers, Nestx1 and Nestx2, complementary to sequences 
localized within the Ustx amplicon. Succesfull amplification with Nestx1 + UstxL will 
generate a 210 bp amplicon specific of stx1 whereas Nestx2 + UstxL will produce a 400 bp 
amplicon specific of stx2.  The protocol and the results are described in papers II and III. 
3.8.2 Enzymatic restriction of the PCR product 
To obtain complementary information on the stx subtype, an enzymatic restriction (ER) 
protocol using Bsr I for digestion of the Ustx amplicon was devised. The digestion product 
is subject to a gel electrophoresis, and the obtained fragment pattern will be characteristic of 
one or several stx subtypes as shown in paper II and III. Both the ER and the semi-nested 
PCR produced the same results for the analysis of the presence or absence of stx1 and stx2 
in all 15 tested STEC (paper III).  
 
 
4 NA sample preparation for 
NAAT 
 
Although it is possible to some extent to neutralize inhibitors carried over to the eluate after 
NA extraction (see Ch 3.2) or by using a DNA Polymerase more resistant to the action of 
the inhibitor (Abu Al-Soud et al., 1998), removal of inhibitors during the extraction process 
becomes unavoidable at high inhibitory levels. An efficient cleansing might come at the cost 
of yield or limit the possibilities for automation. Therefore, it is important to consider both 
the nature of the sample and the purpose of the analysis in order to establish an appropriate 
NA preparation procedure. 
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4.1 Methods overview 
The nature of the samples to be processed for extracting and purifying NA for NAAT will 
be determinant for choosing an appropriate methodology and address the two main 
challenges usually associated with such task: eliminate NAAT inhibitors while securing best 
possible sensitivity. In order to limit the effect of inhibitors, various NA preparation systems 
recommend using a small fraction of the prepared eluate, i.e. 1%. However, this will in 
practice be equivalent to diluting the sample and is a limitation to achieve optimal 
sensitivity. Diluting and subculturing the sample, when possible and when the time to reach 
a result is not an issue, may be performed prior to NA extraction, increasing the chances for 
succesfull NAAT. This is a standard approach used for food matrices when testing for the 
presence of small number of pathogens by NAAT (PERRY et al., 2007). Solid food samples 
will also usually require preparation by resuspension in an appropriate buffer, using a 
stomacher. Methods without enrichment must be considered when subculturing is 
impossible due to bacteriocidal sampling methods, or because the microorganisms are 
difficult to culture i.e. obligate intracellular, or when time to reach results is a priority. A 
range of different techniques can be combined which will involve mechanical, physical and 
chemical means for separating, concentrating, extracting and purifying NAs (Rudi et al., 










Traditional filtration aims at separating and concentrating the target organisms from 
the matrice prior to starting NA extraction. The FTA filters (Flinders Technology Associates 
filtrers) will differ in that they have been developed to trap, lyse the target organism and 
Figure 7. NA sample preparation for NAAT:  strategies overview. The doted lines represent 
possible choices and combinations 
1. Filtration  
Release NA 













2.  Chemical 














1.  Solvent 
extraction 
 
2.  Spin 
columns 
 
3.  Solid phase 
separation 
Objectives 
C. Culture       D. Active lysis       E. NA purification             B. Cell separation/ 
concentration       
A. Collection/ 
preparation       
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further recover the NA on the same membrane. The membrane is directly used as PCR 
template in 100l final reaction volume or used as archival samples (Lampel et al., 2000). 
Other methods will use various centrifugation techniques for NA preparation from food 
samples (Fukushima et al., 2007; Stevens et al., 2004). Antibody-based separation methods 
are mainly used when a specific bacterial type is the target. As these methods rely on the 
proper expression of the targeted epitope, they will be sensitive to environmental conditions 
(Geng et al., 2006; Hahm et al., 2006).  
Environmental samples such as fresh waters or sediments will typically be 
characterized by the presence of humic acids which are known PCR inhibitors. To address 
this problem, a method was recently developed which uses chemical precipitation to remove 
humic acids (Persoh et al., 2008).    
Clinical samples such as faeces, urine or blood would contain bile salts or hemoglobin 
as examples of known inhibitors of the PCR. Another problem with such samples is that 
automation is often highly desirable due to large analysis volumes and the requirement for 
speed and reproducibility as rapid and accurate diagnosis is essential for optimal treatment 
of patients.    
An important step is the lysis used to release NA from the target organism, which 
should be adapted to the type of membrane to disrupt. For example, Mycobacterial species 
are known to be resistant to lysis, requiring enzymatic digestion or various chemicals and 
mechanical disruption (Aldous et al., 2005; Herthnek et al., 2008), whereas E. coli will 
release its NA content at elevated temperatures (OUYANG et al., 2008). This is a crucial 
step as many of the chemicals and enzymes used for lysis can have some degree of PCR 
inhibiting properties. Therefore, mechanical and physical cell disruption should be chosen 
whenever possible and sufficient.     
For NA purification (see Fig. 7), solid phase separation is the most practical for 
automation and it is non hazardous as opposed to using organic solvents and centrifugation.  
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4.2 Automated NA preparation from urine 
samples for detection of Chlamydia 
trachomatis 
 
Genpoint AS, a Norwegian company founded in 1998, launched a new and innovative 
approach for preparation of NA from complex samples for the purpose of NAAT. As 
illustrated in Figure 8, the core principle which makes this method different from other 
beads-based NA methods is that the same beads will be used for cell-isolation and 









The bacterial affinity of the beads is general, although variations in the coating of the 
beads allow targeting various broad groups. The method, called “BUGS’n BEADS™”, was 
first applied to Cyanobacteria in waters (Rudi et al., 1998) and was later successfully 
applied to other bacteria and matrices (Nogva et al., 2000; Rudi K et al., 2003). Many new 
applications can be devised as this method is automated, has a broad bacterial target range 
possibility and is efficient for removing inhibitors from environmental and food matrices. 
Thus, a clinical application was developed for the isolation of Chlamydia trachomatis DNA 
from urine samples for NAAT diagnostic which was succesfully evaluated in a clinical trial 
(Paper IV). Extraction of  NA from urine for NAAT STI diagnostic is essential for 
increasing the testing of risk populations, and for the establishing of screening programs 
(Cook RL et al., 2005; LaMontagne et al., 2004). Due to the non invasive nature of the 
sampling method and its ease of collection, comfort is increased for the patient and the 
presence of a medical specialist not required. The main other alternative sample type 
Figure 8. BUGS’n BEADS™ NA sample preparation for NAAT  
F.  NAAT 
A. Collection  B. Cell separation   C. Culture     D. Active Lysis   D. NA purification 
t° 
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employed, urethral swabs, requires a medical specialist and the procedure is invasive. None 
the less, swabs have been widely used because they require less work to process for the 
extraction of NA. New preparation methods must take into account that automation of the 
procedure is highly desirable due to the large volume of samples to be analysed and it must 
provide a satisfactory removal of inhibitors without affecting the sensitivity. 
 
4.3 New, simplier and faster approach for 
automated NA preparation 
 
The simplest protocols can be implemented when target concentration is not a limiting 
factor, and when there is no or little presence of NAAT inhibitors. As some bacteria, i.e. E. 
coli and Shigella spp., only require heat for releasing NA, boiling followed by 
centrifugation is a simple and effective way to extract NA from isolated colonies on agar 
(Aranda et al., 2004).  Further, direct suspension of bacteria in the PCR mastermix is 
feasible and has been reported efficient with a variety of species including E. coli (Hsu et 
al., 2001), Bacteroides fragilis and Bifidobacterium (Matsuki et al., 2002), Pseudomonas 
aeruginosa (Song et al., 2000) and Enteroccocus species (Patel et al., 1997). This is a 
practical approach taking advantage of the high temperatures used during the NAAT 
processes reaching for example up to 95°C for the PCR and 72,5°C for SDA. The limitation 
of such an approach is the absence of cleansing so that only media or sample matrices 
compatible with the end NAAT can be used. In order to be able to keep the lysis mainly in 
the NAAT by heating, and achieve some degree of cleansing, a cell separation must be 
implemented. Of the various possibilities (see Fig. 7), magnetic beads are particularly 
attractive as they are easy to implement in an automated solution. In that context, initial 
bacterial trapping of bacteria provided by the BUGS’n BEADS™ is a well suited method to 
be combined with simple heat lysis, provided, for example, by downstream NAAT. This 
process was serendipitously encountered and further organized to develop a new NA 















This new NA method was first developed for the preparation of Chlamydia 
trachomatis NA from urine samples followed by PCR analysis. It was then succesfully 
associated to the BDProbeTec™ SDA analysis system and further applied to the detection 



















Figure 10. BUGS’n BEADS™ STI-fast NA sample preparation for NAAT  
F. NAAT
A. Collection   B. Cell separation   C. Culture    D. Active Lysis   D. “Cell/NA” purification 
“Passive lysis” 
t° 
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B Not A (C or G or T or U) 
D Not C (A or G or T or U) 
H Not G (A or C or T or U) 
V Not T (A or C or G) 
K Keto (G or T) 
M aMino (A or C) 
R puRine (A or G) 
Y pYrimidine (C or T or U) 
S “Strong” (C or G) 
W “Weak” (A or T) 
I Inosine 
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